Environmental epidemiologic research on respiratory symptoms presents unique types of data, typically requiring simultaneous analysis of both time-and person-varying factors. In this paper, the authors propose a new, simple model that incorporates such factors and controls for each person's prior history of symptoms. The Yale Mother and Infant Health Study was undertaken to investigate the effects of ambient pollutant concentrations, meteorologic changes, and demographic variables on daily respiratory symptoms in both mothers and infants. This analysis was restricted to 673 mothers followed in southwestern Virginia from June 10 to August 31,1995. Of the person-varying factors, husband's level of education, nested within marital status, and having pets in the home were related to an increased likelihood of new episodes; however, neither was related to duration of symptoms. Interestingly, women who were unmarried were least likely to have new episodes of respiratory symptoms, while those with the most highly educated spouses were most likely to have new episodes. Having pets in the home increased the likelihood of a new episode. Having a history of allergies and having children in day care were found to be related to the symptom of a runny or stuffy nose, in terms of both incidence and duration. The level of coarse particles was related to the incidence of new episodes of runny or stuffy nose, and a higher level prolonged the duration of symptoms. Sulfate level was not related to trie incidence of new episodes but was associated with the duration of the episodes. Am J Epidemiol 2000;151:1206-15.
Ambient pollutant concentrations during the summertime over large portions of the eastern United States are characterized by a complex mix of air contaminants. This mix is sometimes referred to as summertime haze, and it is the product of primary pollutant emissions from mobile, point, and area sources, secondary pollutants formed through chemical reactions of primary pollutants in the atmosphere, and meteorologic conditions. Major components of health concern in this pollutant mix are suspended particulates and ozone. Suspended particulates comprise particles of varying size and chemical composition. Particulate matter with a mass less than or equal to 10 (im in diameter (PM 10 ) and particulate matter with a mass less than or equal to 2.5 |xm in diameter (PM 2J ) are of particular health interest, as are the sulfate and strong acid components of the particles. Clinical and epidemiologic evidence suggests that exposures to short term ambient levels of suspended particulates and ozone are associated with adverse health effects. The effects seen in humans range from changes in respiratory function and symptoms and exacerbation of respiratory disease to excesses in daily mortality (1, 2) .
Epidemiologic studies have suggested that exposure to atmospheric particulate matter and ozone may be associated with acute morbidity. These studies have provided some evidence that increases in hospital admissions for respiratory diseases (3, 4) , chronic respiratory disease (5, 6) , upper respiratory illness (7, 8) , and symptoms of lower respiratory illness (9, 10) and decreases in pulmonary function (11) (12) (13) may be linked with particulate and/or ozone exposure.
Studying daily diary recordings of respiratory symptoms in a population in relation to daily variations in atmospheric concentrations of air pollutants is an approach that has been used to investigate the possible acute effects of air pollution exposure. These studies have typically not considered the wide range of personal and household characteristics which may serve as potential risk factors (age, race, socioeconomic status, etc.), and they have not been able to distinguish the particulate component(s) responsible for the observed effects (PM 10 , PM 2 5 , sulfate, or strong acid) or assess the role of meteorologic variables (temperature, humidity, etc.). In addition, analyses of symptom data have considered symptom prevalence, incidence, and duration as separate outcomes, largely because of the limitations of existing statistical methods. To address these important issues, the Yale Mother and Infant Health Study was undertaken in September 1984 with the goal of understanding the effects of ambient pollutant concentrations, meteorologic changes, and demographic variables on daily respiratory symptoms in both mothers and infants. Participants were followed for a 1-year period, and the study was concluded at the end of 1997.
The analysis of our data requires modeling binary time series in a regression framework. However, the existing literature largely targets the characterization of binary time series as a function of time (14, 15) . In contrast, we need to understand the presence of daily respiratory symptoms in relation to daily changes in ambient pollutant concentrations, meteorologic variables, and fixed demographic information. This requires fitting binary time series as the response variable against a battery of fixed and time-varying predictor variables. Important progress has been made in this respect (16) (17) (18) (19) (20) (21) (22) . Because of various limitations in the existing procedures, new methods are warranted for the analysis of our data. For example, we have experienced repeated convergence problems with the use of a widely circulated SAS procedure, PROC GLIMMIX, which is based on a mixed-effects logistic regression model and has features analogous to those ofPROCMTXED (21, 23) .
Although our model is specific in the statistical sense, it will have a substantial impact on the analytical approaches used to assess the nature of the associations between daily respiratory symptoms, fixed individual characteristics, and time-varying environmental exposures. Two attractive features of our model are noteworthy. First, in the analysis of symptom data, researchers usually conduct separate analyses for incidence data, prevalence data, and symptom duration, because it is difficult to incorporate the data into a single model. Our model is a step forward in the integration of these data. Second, the use of existing models requires specifying and exploring the autocorrelation structure or the lag effects of symptoms. Although this is theoretically possible, our experience seems to suggest that it may be practically difficult for the analysis of large data sets, which is likely to be the cause of the GLIMMIX convergence problems with our data. In summary, the merits of our model reside in its conceptual simplicity, clinical implication, and computational readiness.
DATA SET
Data used in this analysis were a subset drawn from a prospective epidemiologic study (the Yale Mother and Infant Health Study) examining the nature of associations between individual, residential, and outdoor air pollutant exposures and reported daily respiratory symptoms over a 1-year period in 918 infants and their mothers. The subset data were selected so that we could address one of the specific aims of the original study and set up the methodological stage for the subsequent analyses. This analysis was restricted to 673 mothers followed in southwestern Virginia for the summer period from June 10 to August 31, 1995. Information on a broad range of daily respiratory symptoms was recorded for mothers and infants using a biweekly telephone-administered questionnaire; however, the outcome considered here is the mother's daily report of the presence or absence of a runny or stuffy nose.
Air pollutant exposures were time-varying exposures measured on a daily basis at a regional air sampling site located in Vinton, Virginia. Twenty-four-hour samples of PM 10 , PM 15 , sulfate, and strong acid were collected daily, and concentrations of ozone, nitrogen dioxide, and temperature were measured hourly. Maximum daily running 8-hour average ozone concentration, which is the metric adopted by the US Environmental Protection Agency (24) for comparison with its National Ambient Air Quality Standard, was calculated for use in the analysis. Maximum daily temperature and humidity and daily average nitrogen dioxide levels were also computed. Daily coarse mode particle concentrations were calculated as the difference between particulate matter of different sizes: PM 10 -PM 2^. In addition to the time-varying air pollutant exposures, individual and residential factors, which have been found in previous research to be related to respiratory symptoms, were also considered in this analysis. Information was obtained from questionnaires administered by a trained interviewer at the time the mother entered the study, during biweekly telephone contacts, and at the time the mother exited the study. The variables considered fell into three major categories: sociodemographic characteristics, residential characteristics, and history of respiratory conditions. The sociodemographic characteristics included respondent's race (Black or White), respondent's marital status (no or yes), respondent's educational status (and her husband's, if applicable) (category 1: 1-12 years; category 2: 13-15 years; category 3: >15 years), annual household income (category 1: <$20,000; category 2: $20,000-$39,999; category 3: $40,000-$59,999; category 4: >$60,000), number of children living in the home, and number of children in day care. The residential characteristics included the percentage of summer days on which the respondent used an air conditioner in her home, reported use of a dehumidifier in the summer months, reported presence of persistent mold or mildew in the home within the past 12 months, reported presence of water damage or water leaks in the home within the past 12 months, and the presence of fur-bearing pets in the home in the past year. History of respiratory conditions included physician-diagnosed upper respiratory allergies, history of physician-diagnosed asthma, and history of chronic sinus conditions. Table 1 summarizes the information on all predictors, giving a brief description of each variable. In addition to the predictors described above, the table also includes duration of the present symptom episode and number of previous episodes. Table 2 provides a profile of the structure of the actual data by presenting a subset of data on two individuals for 10 days, although the data that were analyzed below comprised 673 individuals followed for a summer period of 83 days. As is indicated by the two different identification numbers in the first column and the 10 different days listed in the second column, two persons and 10 days were arbitrarily chosen for the purpose of illustration. The first 14 variables (x x through ;t 14 ) are personal and residential characteristics, varying between the two subjects while remaining constant on all days. In contrast, the last 11 variables (x l6 through x^) are daily ambient pollutant and meteorologic variables, being the same among all subjects but varying in time. The percentage of days of air conditioner use between two adjacent interview dates, x l5 , varies between persons and days.
MODEL
On any given day t, let d u _ l be the number of consecutive days before t on which the subject i had been experiencing the symptom of interest and h u _ t the number of previous symptom episodes that had ended before day t, i = I, ..., n and t = 1, ..., T. The critical point of our modeling is to assume that
where Y it and x it are the symptom indicator and covariates for subject i on day t and parameters p, y, and 8 and function G(d it _ ,; 8) need to be estimated from the data. That is, the probability for subject i to experience a symptom on the present day depends on 
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the history of this symptom as reflected by G{d u _,; 8) and /J,,_ ]Y, and on the personal and daily information that is accommodated by Jt,,p. In connection with our particular data, we find it sensible to choose v 4
Liang and Zeger (20) proposed a class of Markovchain models. However, model 1 does not rely on the Markovian property. This relaxation has a profound implication in practice, because the lag effect potentially varies among individual subjects, whereas determining individual lags is a formidable task. Thus, model 1 is a useful compromise between retaining the information in the symptom history and conducting feasible statistical analysis.
In analyzing daily symptom data, one must decide whether to analyze prevalence data or incidence data. The prevalence data retain some information regarding the duration of each symptom episode and are relatively ambiguous about whether the presence of a symptom is a new episode or the continuation of an existing one. On the other hand, incidence data contain little information on the episode duration. Model 1 fits prevalence data conditional on the episode duration, finding a fine balance between the uses of information from both the prevalence and the incidence data, because the condition changes as a new incident occurs.
The computation with respect to the estimation and inference in model 1 can be conducted using standard logistic regression procedures such as PROC LOGIS-TIC and PROC GENMOD in SAS, provided that the person-day-dependent variables, d,,_ , and h u _ ,, are created. Taking advantage of an existing, standard procedure makes it particularly convenient to select influential personal characteristics and meteorologic exposures and to examine interactions among them, as well as with d it _ ,. These interaction terms can be readily incorporated into model 1.
For computation purposes, variables d it _ x and h u _ t are entered as if they were additional covariates. However, it is important to note that they play a dual role in model 1. They may be predictive of the future symptom as covariates, and more importantly, they characterize the within-person correlation structure. There are other procedures, such as PROC RLOGIST in SUDAAN (25) , that accommodate within-person correlations; however, those within-person correlations (e.g., the exchangeable correlation) are so broad that they do not take into account the time-series aspect of the symptom, nor do they consider scientific knowledge of a particular symptom. This is one of the reasons why we introduced model 1. In fact, the idea was inspired by the work of Bonney (19) , who introduced regressive logistic models for the study of famil-ial diseases, which has been the foundation of segregation analysis. In his models, the disease status of any family member (corresponding to the symptom on any given day in our application) is assumed to depend on the disease status of his or her relatives, particularly the ancestors. The counterpart of this family history in our application is represented by d o _ x and \ t _ v
ANALYSIS
Model selection
We used a forward stepwise procedure as a screening step to enter variables at the significance level of 0.1, because of the high correlations among some of the meteorologic measurements. As a result, we ended up with seven variables in addition to d,_ u dj^l, and h t _ { . Table 3 presents these initially selected variables with their p values.
Husband's educational level was nested within marital status; that is, information on the husband's educational level was available only when a woman was married. We first considered nominal variables with four categories: one for unmarried women and three for the rest of the women, whose husbands' educations were grouped into three levels. After examining the estimates, we realized that the effects of whether a husband had completed high school and whether a husband had completed college were very similar. Thus, these two levels were subsequently collapsed. Moreover, after this collapsing, a linear trend was revealed, in the following order: no husband, a husband with a high school or college education, and a husband with a graduate degree. Therefore, we created a new variable (HEDUC) taking a value of 0, 1, or 2 for the corresponding three groups of women.
We then considered all possible two-way interactions among all selected variables except that of d,_ , and <i 2 _,. We removed statistically insignificant terms (at the 0.05 level) from the model. The removal of Note that equation 2 does not include the main effects for *, 7 and x^, despite the traditional wisdom of including main effects in the presence of interactions, because difficulties may arise in interpreting the results. In the present application, the exclusion is clinically meaningful. The absence of *, 7 and x^ as main effects implies that maximum temperature (*, 7 ) and sulfate level (x^) have an impact on the prevalence of runny nose by affecting the symptom duration but not on the risk of a new episode; we elaborate below.
Risk of new episodes
For a respondent to have a new episode of runny nose today, she must not have had the symptom yesterday, which implies that d,_ x =0. Using equation 2, we have the log odds of suffering a new episode of runny nose as follows: Of the 26 factors initially considered in these analyses, five were found to be independently related to new episodes of stuffy or runny nose among the mothers in this study: husband's educational level, having pets in the home, history of allergy, having children in day care, and level of coarse particulate matter in the air. For each level of increase in husband's educational status, there was a 32 percent increase in the odds of having a new episode of nasal symptoms. Unmarried women were at the lowest risk. For example, a woman whose husband had earned a graduate degree was 2.36 times more likely to have a new episode of nasal symptoms than an unmarried woman.
Having children in day care decreased the likelihood that a woman would have a new episode of nasal symptoms. The odds of having a new episode decreased linearly with each additional child a woman had in day care. As table 5 shows, a woman who had no children in day care was 1.54 times as likely to have a new episode as a woman with one child in day care. A woman with no children in day care was 8.6 times as likely to have a new episode as a woman with five children in day care.
Having pets in the home also increased the likelihood that a woman would have a new episode of nasal symptoms. A woman who had pets in the home was 1.36 times as likely to have a new episode of nasal symptoms as a woman without pets in her home.
As anticipated, women with a history of allergies were at higher risk of having a new episode of nasal symptoms. Women with allergies were 1.42 times as likely to have a new episode as women without allergies.
Finally, coarse particle level was the only air pollutant exposure that was significantly related to new episodes of nasal symptoms. For every |Xg/m 3 increase in coarse pollutants, there was a 4 percent increase in the likelihood of a new episode. As table 5 shows, an increase of 10 |J.g/m 3 in coarse particle level resulted in a nearly 50 percent increase in the odds of having a new episode.
Distribution of symptom durations
Symptom duration is also of interest in environmental epidemiologic studies, and the ability to simultaneously examine incidence and duration is one of the most important contributions of this proposed analytical technique. By making use of equation 2, we are able to assess the duration distribution in relation to predictors. Unlike the prediction of the risk of a new episode, this step requires some numerical computation. However, from equation 2 and table 4, we know that history of allergies, number of children in day care, maximum temperature, coarse particle level, and sulfate level are significant factors affecting the duration distribution.
To understand the required computation, let us start with an example. Suppose that the respondent was unmarried (* 6 = 0) and had no history of allergies (*, = 0), no pets (* g = 0), no children in day care (*, 3 = 0), and no prior symptom history (h,_, = 0). In addition, we assume a maximum temperature of 80°F, a coarse particle level of 10 JJ.g/m 3 , and a sulfate level of 200 |i.m/m 3 . By substituting these values into equation 2, we obtain the log odds of experiencing a runny nose on day t under this specified condition as:
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When we calculate the symptom duration, we obviously need to condition it on the fact that an episode has already begun. Provided that the specification of the predictor values is the same, the duration distribution does not depend on the date when a new episode of runny nose occurs. Thus, we can assume widiout loss of generality that an episode starts on day 1. If the respondent recovers on day 2, the duration will be 1. From equation 4, the probability for this event is However, if the respondent continues to have a runny nose on day 2 but recovers on day 3, the duration will be 2. Then, from equation 4, the probability for the present event is Likewise, we can calculate the probability for any given symptom duration. Table 6 summarizes the duration distribution by reporting its mean value and standard deviation under a variety of specifications. For the vast majority of respondents, the symptom duration was less than 1 week, and it was usually 2-3 days. The coarse particle level had the most notable effect on the duration: A higher coarse pollutant level resulted in a longer duration of symptoms. In table 5, we have seen significant differences for the odds of a new episode attributed by different predictor values, because the significance is directly related to that of an individual parameter. In terms of symptom duration, it is more complex, and the distribution depends on all parameters. Even though certain predictors make significant differences in the distribution of symptom duration, we do not necessarily see it pointwise by examining various values of the predictors. This phenomenon is analogous to the comparison of two regression lines where the coefficients differ significantly whereas the pointwise values on the two lines are not necessarily different at the same significance level. Nonetheless, the pointwise comparisons shown in table 6 are useful for revealing trends in the differences.
Interaction of symptom duration and predictors
We noted above that a symptom episode usually lasted for less than 1 week. However, there are still women who are more sensitive than others and who experience much longer symptom durations. Moreover, even though it is unlikely that a woman will have a symptom for more than a week, the chance of her continuing to have it once she suffers that long is much higher than the chance of her having a new episode. In the meantime, there is also a point in time after which the risk for a woman to continue having a symptom begins to decrease as the duration goes on. To obtain more insight into this dynamic and to understand the detailed function of the outdoor environment, examine figures 1 and 2.
Because the prediction equation (equation 2) involves several variables, we fix the "nuisance" variables while examining the effect of interest. These figures report the log odds ratio of having the symptom after having already experienced it for a number of days versus having the symptom as a new episode. If this log odds ratio is zero, it implies that the risk of continuing to have the symptom is the same as that for starting a new episode. In this case, the existing symptom no longer has an additional impact on the risk. Here, we must be very clear about the condition upon which the log odds are derived. Specifically, we will examine the influence of a much longer range of 80  80  80  90  70  80  80  80  80  80  90  70  80  80  80  80  80  90  70  80  80  80  80  80  90  70  80  80   10  10  10  10  10  5  20  10  10  10  10  10  5  20  10  10  10  10  10  5  20  10  10  10  10  10  5  20   200  100  100  100  100  100  100  200  100  100  100  100  100  100  200  100  100  100  100  100  100  200  100  100  100  100  100  100 1.12 , 70'F) among mothers without allergy, without children in day care, and without a prior episode of runny nose, Virginia, 1995. The horizontal axis represents the hypothetical symptom duration as the condition upon which the log odds ratios for continuing a symptom are computed. The vertical axis shows the log odds ratio obtained from dividing the conditional log odds for symptom duration as given on the horizontal axis by the log odds of having a new episode. The level of coarse particles is fixed at 10 ng/rrr 1 , and the sulfate level is fixed at 100 |ig/m 3 .The choices of coarse panicle and sulfate levels do not affect the pattern of this comparison. The same temperature effects apply to mothers with allergy and/or with children in day care. ) among mothers without allergy, without children in day care, and without a prior episode of runny nose, Virginia, 1995. the horizontal axis represents the hypothetical symptom duration as the condition upon which the log odds ratios for continuing a symptom are computed. The vertical axis shows the log odds ratio obtained from dividing the conditional log odds for symptom duration as given on the horizontal axis by the log odds of having a new episode. Temperature is fixed at 80'F, and the sutfate level is fixed at 100 ng/rrr'.The choices of temperature and sulfate level do not affect the pattern of this comparison. The same coarse particle effects apply to mothers with allergy and/or with children in day care.
symptom duration than we would expect for most women. Figure 1 reveals the effect of temperature on the continuation of a symptom after a given period of days. In the first 5 days of having a runny nose, the increase in temperature has a relatively small effect on the risk of continuing to have the symptom. Thus, consistent with table 6, a higher temperature may prolong the life of a symptom slightly for most people. However, for some very sensitive women, if they ever have symptoms for more than 1 week, a higher temperature (solid curve) makes it more difficult for them to recover.
The effect of the coarse pollutant level is more complex than that of temperature. Figure 2 shows that within the first 2 weeks of a symptom, a higher coarse particle level clearly increases the risk of continuing the symptom. This effect is also reflected in table 6. The trend is reversed if a symptom lasts for more than 2 weeks, although it is not so likely for a symptom to last over 2 weeks in the first place. In any event, one interpretation of this reverse trend is that a high coarse particulate level may cause runny noses that are acute if other personal and environmental conditions are held constant.
DISCUSSION
Environmental epidemiologic research on respiratory symptoms presents unique types of data, typically requiring simultaneous analysis of both time-and person-varying factors. The GLFMMIX macro within SAS is purported to be a useful option for analyzing binary response variables. However, for large data sets, it has limitations in its ability to converge on even the newest, most powerful personal computers. Our model has two distinct advantages over this method. First, by controlling for each person's prior history of symptoms, the autoregressive errors related to the correlation between prior days' symptoms are essentially controlled for, but for each individual rather than for the aggregated data. Second, duration, which has usually been analyzed as a separate outcome, can be simultaneously examined in the context of incidence of new symptom episodes. Therefore, this model allows us to sort out the relative importance of timeand person-varying factors while simultaneously examining both incidence of new symptom episodes and duration of the episodes.
In this analysis, both person-and time-varying factors were found to be related to new episodes of runny or stuffy nose. Of the person-varying factors, husband's level of education, nested within marital status, and having pets in the home were related to an increased likelihood of new episodes; however, neither factor was related to duration of symptoms. Interestingly, women who were unmarried were least likely to have new episodes of symptoms, while those with the most highly educated spouses were most likely to have new episodes of these symptoms. Given that these symptoms were reported by the women, this finding could be the result of differential recall. Women who are unmarried may not have the time to focus on relatively minor symptoms such as a runny or stuffy nose, or they may not be as sensitive to their bodily symptoms in general.
The finding that having pets in the home increases the likelihood of a new episode of symptoms is consistent with prior research. Considerable research suggests that having pets in the home is related to increased respiratory symptoms in children, particularly in children who have asthma (26) (27) (28) (29) (30) .
Two other person-varying factors, having a history of allergies and having children in day care, were also found to be related to symptoms of runny or stuffy nose. These factors were related to both incidence and duration of symptoms. As expected, women with a history of allergies were more likely to have new episodes of symptoms than women without allergies. However, while there was no difference in mean duration of symptoms based on allergic status, once a symptom episode had lasted for a certain length of time (i.e., peak duration), women with physician-diagnosed upper respiratory allergies were actually more likely to recover more quickly. This is probably because these women were more likely to use prescription or nonprescription drugs to reduce or eliminate symptoms.
The finding that women with children in day care were less likely to have new episodes of symptoms was also initially counterintuitive. Children in day care are typically exposed more often to respiratory illness because of their exposure to larger numbers of children. However, having children in day care usually means that a woman is working outside the home. Therefore, one explanation for this finding is the healthy worker effect. Perhaps these women are not as prone to additional episodes of allergies, so their only episodes are actually respiratory illnesses. The additional finding that women with children in day care have episodes of longer duration supports this premise, since illness episodes are typically of longer duration than allergies. In addition, number of days in day care is, in some ways, directly related to the number of days that the woman is not sick; i.e., if she is sick, the child probably does not go to day care as much.
Interesting findings regarding outdoor air quality measures also emerged from the analysis. Of all pollutants considered, only level of coarse particles was independently related to the incidence of new episodes of runny or stuffy nose. In addition, coarse particle level was related to increased duration of symptoms but also to a quicker recovery once peak duration was reached. Higher coarse particle levels caused nasal symptoms that were more acute.
Sulfate level was not related to the incidence of new episodes after we controlled for coarse level and maximum temperature, but it was related to the duration of the episodes. For this pollutant, average duration of symptoms is shortened; however, recovery for episodes lasting longer than the mean duration is slowed. Coarse particles (PM 10 -PM 2^) probably impact on the upper respiratory system and serve as a risk factor in initiating an inflammatory response in the nose.
Overall, this model has proven useful in elucidating various dimensions of symptoms (i.e., incidence and duration) while simultaneously examining person-and time-varying risk factors. Both types of factors played a role in symptoms of a runny or stuffy nose among the women in this study, with some affecting incidence only, others affecting duration only, and others affecting both. This analytical tool should prove beneficial in future environmental epidemiologic studies of respiratory symptoms (31) . Sulfate particles-primarily particles of ammonium sulfate, which accounts for the majority of the particle mass of less than 2.5 (xmappear to either enhance the inflammatory response in the nose once it has been initiated or slow down the recovery period.
